Tuberculosis is a worldwide health problem, given that one-third of the world's population is currently infected with Mycobacterium tuberculosis. Understanding the regulation of virulence on the molecular level will provide a better understanding of how M. tuberculosis can establish chronic infection. Using in vivo microarray analysis (IVMA), we previously identified a group of genes that are activated in BALB/c mouse lungs compared to in vitro cultures, including the rv0990c gene. Our analysis indicated that this gene is a member of the heat shock regulon and was activated under other stress conditions, including survival in macrophages or during the late phase of chronic tuberculosis in the murine lungs. Deletion of rv0990c from the genome of M. tuberculosis strain H37Rv affected the transcriptional profiles of many genes (n ‫؍‬ 382) and operons involved in mycobacterial survival, including the dormancy regulon, ATP synthesis, respiration, protein synthesis, and lipid metabolism. Comparison of the proteomes of the mutant to those of the wild-type strain further confirmed the differential expression of 15 proteins, especially those involved in the heat shock response (e.g., DnaK and GrpE). Finally, the rv0990c mutant strain showed survival equivalent to that of the isogenic wild-type strain during active tuberculosis in guinea pigs, despite showing significant attenuation in BALB/c mice during the chronic phase of the disease. Overall, we suggest that rv0990c encodes a heat shock protein that plays an important role in mycobacterial virulence. Hence, we renamed rv0990c heat shock protein 22.5 (hsp22.5), reflecting its molecular mass.
Tuberculosis is a devastating disease that threatens onethird of the world's population, with 1.8 million deaths each year from infection with Mycobacterium tuberculosis (11) . Following aerosol infection, M. tuberculosis can persist inside the host macrophages for long periods, leading to chronic infection. Under certain circumstances, chronically infected patients can develop an active progressive infection that could lead to death (6) . Unfortunately, several aspects of the chronic phase of tuberculosis are not completely understood. For example, the molecular basis responsible for the persistence of M. tuberculosis inside the host remains largely unknown. Also, the triggers for M. tuberculosis reactivation are not well characterized. Several in vitro and in vivo models have been developed in order to elucidate the mechanisms employed by the pathogen to survive and persist inside the host (5, 12, 25, (30) (31) (32) (33) . Such studies have identified genes activated during M. tuberculosis survival inside macrophages or under hostile stress conditions, including transcriptional regulators which control the expression of a large number of genes (1, 22) . One such gene is rv0990c, which was preferentially activated in murine lungs among a group of 32 genes sharing the same genomic locus, termed the in vivo-expressed genomic island, iVEGI (31) . The iVEGI includes several genes and operons that are involved in mycobacterial pathogenesis and persistence in the host, such as the cso operon, rv0971c, and mprAB (34, 35) . In this report, we provide more insights into the roles played by rv0990c in tuberculosis pathogenesis on both cellular and host levels.
Earlier analysis indicated that expression of rv0990c was upregulated upon exposure to heat shock among other members of the heat shock regulon (28) . Members of the heat shock responsive genes typically play an important role as chaperons in protein folding, assembly, transport, and degradation, especially under stress conditions (21) . In another report, progressive hypoxia identified transcripts of rv0990c among 230 other hypoxia responsive genes (24) . Although the exact function of the gene remains to be elucidated, the presence of such a gene among the 230 hypoxia genes can suggest a role for hypoxiaresponsive genes in mycobacterial persistence. In this study, we identified rv0990c as a new member of the heat shock regulon and showed the unique transcriptional and translational profiling of the rv0990c mutant in comparison to the wild type, the H37Rv strain. We also identified triggers that activate rv0990c gene transcripts. Finally, we demonstrated that rv0990c (here designated heat shock protein 22.5 [hsp22.5]) has little or no impact on the progression of active tuberculosis in guinea pigs. However, it has a significant impact on the survival of M. tuberculosis during the chronic phase of tuberculosis in mice.
MATERIALS AND METHODS
Strains, media, and plasmids. Escherichia coli DH5␣ and HB101 were used as host cells for cloning purposes in all experiments presented here. M. tuberculosis H37Rv and Mycobacterium smegmatis mc 2 155 strains were grown in Middlebrook 7H9 liquid medium and on Middlebrook 7H10 plates supplemented with albumin dextrose catalase (ADC) and antibiotics, when needed (25 g/ml kanamycin or 50 g/ml hygromycin). Protocols for DNA manipulations employed throughout this report, including PCR, cloning, DNA ligations, and electroporation were performed as described previously (8) . Total RNA samples were extracted from mycobacterial cultures grown to an optical density at 600 nm (OD 600 ) of 0.5 or 1.5 using a Trizol-based protocol (Invitrogen, Carlsbad, CA) as described previously by our group (29, 30) . Isolated mycobacterial total RNA samples were treated with DNase I (Ambion, Austin, TX) until no DNA was detected using PCR primers for the 16S rRNA gene. A list of primers used in this report is presented in the supplemental material.
Generation of new mycobacterial constructs. A specialized transduction protocol was adopted with a few modifications to delete the rv0990c gene using the virulent strain of M. tuberculosis (4) . Briefly, approximately 800-bp fragments flanking the rv0990c sequence were amplified. Amplicons were cloned into pGEM-T vector (Promega, Madison, WI), and the sequence was verified before ligation into the pYUB845 vector using SpeI and HindIII for the left arm and XbaI and Acc65I for the right arm. The generated cosmid was packaged into viable mycobacteriophages in M. smegmatis using an in vitro packaging system (Gigapack III Gold from Stratagene). Temperature-sensitive full phages with the rv0990c construct were propagated and used to transduce M. tuberculosis cells prepared as described previously. Following 4 to 6 weeks of incubation at 37°C, hygromycin-resistant colonies were selected for further analysis. PCR and Southern blot analyses were used to verify the mutant genotypes as described previously by our laboratory (1) . For complementation experiments, the coding sequence of rv0990c was amplified, cloned into pGEM-T vector, and verified by DNA sequencing. Vectors were doubly digested by EcoRI and HindIII restriction enzymes, and their inserts were gel purified before ligation into the integrative mycobacterial shuttle vector pMV361 (15) to give rise to pML30 vector in which rv0990c is under the control of the hsp65 promoter. The resulting vector pML30 was electroporated into electrocompetent M. tuberculosis cells. Transformants were selected and subsequently analyzed by PCR to verify integration of the delivered sequences into the M. tuberculosis genome.
For lacZ assays in recombinant M. smegmatis, the intergenic regions of the rv0989c-rv0992c loci were cloned, sequenced, and ligated into pCV77 vector. The lacZ assays were performed in the soluble fractions of recombinant M. smegmatis in triplicates and repeated at least twice (1) .
Animal infections. For the guinea pig infections with M. tuberculosis strains, female Hartley guinea pigs (250 to 300 g; Charles River) were housed in a biosafety level 3 (BSL-3) environment and received water and chow ad libitum. The animals were maintained according to protocols approved by the Animal Care and Use Committee at the Johns Hopkins University School of Medicine. Separate groups of 12 guinea pigs were aerosol infected using a Madison chamber aerosol generation device (College of Engineering Shops, University of Wisconsin, Madison, WI) calibrated to deliver approximately 100 bacilli into guinea pig lungs (10) . Cultures of M. tuberculosis ⌬hsp22.5 and ⌬hsp22.5::hsp22.5 strains were grown to mid-log phase (OD 600 ϭ 1) and used for the infection. At the designated time points, lungs and spleens from sacrificed animals were removed aseptically, weighed, and examined. One lung from each animal was homogenized for CFU enumeration, and the other was fixed in 10% buffered formaldehyde for histopathology as previously described (1) . Normalized organ weights were calculated by multiplying the organ weight on the day of sacrifice by the ratio of the body weight on day 1/body weight on day of sacrifice.
For the mouse study, three groups (n ϭ 30/group) of 5-week-old BALB/c mice were infected with M. tuberculosis strains and housed in a BSL-3 environment using an approved protocol from the University of Wisconsin, Institutional Animal Care and Use Committee (IACUC). Cultures of the same 3 strains used for the guinea pig experiment were used for murine infection. A total of 10-ml cultures adjusted to an OD 600 of 0.3 were suspended in sterile phosphatebuffered saline (PBS) buffer and used for aerosolization using the Glass-Col aerosol chamber (Terra-Haute, IN) to generate an infectious dose of 200 to 400 CFU per mouse. Two mice were sacrificed at 4 to 6 h postinfection to enumerate the infectious dose by plating on 7H10 Middlebrook plates in the presence of hygromycin and/or kanamycin for the mutant and complemented strains, respectively. Mice (n ϭ 6 to 8) were sacrificed at different times postinfection to remove lungs for plating on Middlebrook 7H10 agar for colony counting. Portions of livers, spleens, and lungs were fixed in 10% neutral buffered formalin for at least 2 h before sectioning and staining with hematoxylin and eosin (H&E) and Ziehl-Neelsen stain. All mouse infections were repeated twice before calculating the average bacterial load per organ. For in vivo quantitative real-time PCR (qRT-PCR), we used RNA isolated from an additional mouse group utilized previously for DNA microarray analysis by our group (32) .
Growth in macrophages.
Following expansion, THP-1 cells were centrifuged at 400 ϫ g for 10 min and allowed to differentiate by the addition of 20 nM phorbol 12-myristate 13-acetate (PMA). The infection of the monolayer-adhering cells with the M. tuberculosis H37Rv strain was performed to achieve an MOI of 1:10 (cell/bacteria). After 3 h of infection, cells were washed with sterile PBS buffer and incubated at 37°C in 5% CO 2 , with RPMI medium supplemented with 5% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) for 24 h. Cells were lysed with 0.05% sodium dodecyl sulfate (SDS), and bacteria were collected and processed for RNA extraction using the Trizol method (1) .
Stress treatments of M. tuberculosis. M. tuberculosis cultures were grown to mid-log phase (OD 600 of 0.5), and their colony counts were determined by plating on Middlebrook 7H10 agar. Subcultures (10 ml each) were subjected to 0.05% SDS treatment or H 2 O 2 (10 mM) for 4 h at 37°C or heat shock at 45°C for 30 min or 1 h or left untreated in a slow-shaking incubator. These cultures were plated and harvested for RNA extraction as described above.
DNA microarrays. Mycobacterial cultures growing at early stationary phase (OD 600 ϭ 1.5) were used for RNA isolation (29) . Before DNA microarrays, double-stranded cDNA (ds-cDNA) was synthesized from 10 g of total RNA using the SuperScript double-stranded cDNA synthesis kit (Invitrogen) as directed by the manufacturer, in the presence of 250 ng genome-directed primers. The ds-cDNA was cleaned up and labeled following the NimbleGen gene expression analysis protocol (NimbleGen Systems, Inc., Madison, WI) and hybridized to NimbelGen-manufactured microarrays following a protocol that we established previously (1) . In this microarray, each of the 3,989 genes expressed in the genome of the M. tuberculosis H37Rv strain was represented by 19 60-mer oligonucleotide probes. Further, the whole genome was represented five times on each chip (i.e., 5 technical replicates/chip) for a total of 95 probes/gene. All hybridizations (2 chips/sample) were performed using NimbleGen hybridization buffer and commercial hybridization chambers (Tele Chem International, Inc., Sunnyvale, CA) overnight at 42°C. Following hybridization, washing steps were performed using Nimblegen washes I, II, and III as recommended by the manufacturer. Slides were scanned using an Axon GenePix 4000B scanner (Molecular Devices Corporation, Sunnyvale, CA), and fluorescent intensity levels extracted using NimbleScan (Nimblegen) and normalized to a mean value of 1,000. Determination of significantly changed genes was performed using a flexible empirical Bayes model, specifically, the LNN model in the EBArrays package employing an R language (http://www.bioconductor.org). A cutoff of 0.9 for the probability of differential expression (PDE Ͼ 0.9) was used to determine significantly changed genes.
qRT-PCR. For qRT-PCR, cDNA was synthesized from 1 g of total RNA using SuperScript III (Invitrogen) as directed by the manufacturer, in the presence of SYBR green and 250 ng of mycobacterial genome-directed primers. SYBR green qRT-PCRs were performed using gene-specific primers (see the supplemental material) at a concentration of 200 nm. The cycle conditions were as follows: 95°C for 3 min, and 40 cycles of 95°C for 15 S and 60°C for 30 S. Quantitative RT-PCR samples were analyzed in triplicates, the threshold cycle values were normalized to levels of 16S rRNA transcripts, and fold changes were calculated by the threshold cycle (⌬⌬C T ) method.
Proteomic analysis using nanoscale liquid chromatography with tandem mass spectrometry (nanoLC-MS/MS). Bacterial cells were centrifuged from 50-ml cultures growing at early stationary phase (OD 600 of 1.5) and washed by cold PBS buffer. The pellets were resuspended in lysis buffer supplemented with protease and phosphatase inhibitors (provided by Kendrick Labs, Inc., Madison, WI). Cells were disrupted in 2-ml tubes with glass beads (4 times for 45 s each). Lysates were incubated in SDS boiling buffer without ß-mercaptoethanol for 30 min and again disrupted in glass beads as previously described. Clear lysates were incubated at boiling temperature for 30 min (a step required to kill the pathogen). The lysates were centrifuged at 4°C for 15 min and frozen at Ϫ80°C. For enzymatic digestion, the "in liquid" digestion and mass spectrometric analysis were performed at the Mass Spectrometry Facility (Biotechnology Center, University of Wisconsin-Madison). Briefly, 200 g of proteins were extracted, resolubilized, denatured in 20 l of 8 M urea/50 mM NH 4 HCO 3 for 10 min, and then diluted to 100 l for tryptic digestion with 5 l of 25 mM dithiothreitol (DTT), 5 l acetonitrile, 50 l 50 mM NH 4 HCO 3 , and 20 l trypsin solution (100 ng/l trypsin Gold from Promega Corp., in 25 mM NH 4 HCO 3 ).
Peptides generated from digestion were directly loaded for nanoLC-MS/MS analysis. Peptides were analyzed by nanoLC-MS/MS using the Agilent 1100 nanoflow system (Agilent, Palo Alto, CA) connected to a hybrid linear ion trap-orbitrap mass spectrometer (LTQ-Orbitrap; Thermo Fisher Scientific, San Jose, CA) equipped with a nanoelectrospray ion source. Capillary high-pressure liquid chromatography (HPLC) was performed using an in-house fabricated column with an integrated electrospray emitter essentially as described previously (19) . Raw MS/MS data were searched against the NCBI nonredundant M. tuberculosis strain H37Rv amino acid sequence database using the in-house Sequest search engine, with methionine oxidation as a variable modification. Data were subsequently processed by Scaffold, version 2.06 (Proteome Software, Inc.) to yield unambiguous protein identifications with at least two unique peptides per protein. Only protein identifications with a probability of at least 95% were considered for further analysis.
Statistics. Unless indicated otherwise, data generated in our study were expressed as the mean Ϯ standard error of the mean (SEM). Student's t test was used to assess the significances of differences in the number of CFU between groups.
RESULTS AND DISCUSSION
Genetic organization of the rv0990c region. The rv0990c gene is located in the previously identified in vivo-expressed genomic island (iVEGI) (31) . Protein sequence analysis of the rv0990c gene indicated that it encodes a 218-amino acid polypeptide with a molecular mass of 22.5 kDa. Further sequence analysis indicated that the rv0990c gene is highly conserved among all sequenced members of the genus Mycobacterium, with 63 to 100% sequence identity on the amino acid level (see the supplemental material). Compared to members outside the Mycobacterium genus, the sequence identity drops to less than 50%. In addition, similar to a large family of heat shockresponsive proteins, a CIRCE-like element (20) was found 28 bp upstream of the predicted initiation codon of rv0991c, given the putative translational start site of this downstream gene. It was suggested that rv0990c and the 2 flanking genes were organized as a single operon (23) . Using RNA isolated from heat shock cultures (45 C for 1 h), the reverse transcriptase PCR (RT-PCR) experiments showed the transcription of the rv0989c-rv0990c and rv0990c-rv0991c junction regions but not the rv0991c-rv0992c fragments (Fig. 1A and B) , confirming the operon structure of the 3 genes. The same operon organization was not clear when RNA samples from untreated cultures were used (data not shown). In fact, sequence analysis of the DNA region encompassing the rv0990c gene (rv0989c-rv0992c) showed the presence of intergenic regions of about 60 to 75 bp between each gene, suggesting independent gene transcriptions.
To test the possibility of the presence of a promoter in these intergenic regions, the 4 intergenic regions were amplified by PCR and cloned into a promoterless lacZ vector (pCV77) and electroporated into M. smegmatis mc 2 155 for evaluating the expression of LacZ. All transformants developed blue colors on X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) plates except the negative controls (empty vector and pCV77 harboring an internal fragment of rv0990c [see the supplemental material]). Blue clones representing the 4 intergenic regions were assayed for the expression of lacZ in liquid cultures of M. smegmatis. All 4 intergenic regions showed significant ß-galactosidase activity compared to the M. smegmatis recombinant harboring the empty vector (Fig. 1C) . Overall, although RT-PCR confirmed the operon structure of the 3 genes (rv0989c-rv0991c), lacZ experiments suggested the presence of potential internal promoters in the intergenic regions.
Expression of rv0990c under different stress conditions. Because rv0990c is induced in mouse lungs (31), we investigated the expression of this gene under different stress conditions, including SDS, H 2 O 2 , and high temperature (45°C) as well as in stationary-phase cultures. Quantitative RT-PCR (qRT-PCR) analysis showed that rv0990c was modestly upregulated upon exposure to H 2 O 2 and SDS (2.5-and 2.8-fold change, respectively) compared to untreated M. tuberculosis cultures and almost unchanged in the stationary phase of bacterial growth ( Fig. 2A) . Interestingly, both rv0990c and rv0991c transcripts were highly upregulated upon exposure to high temperature (45°C) for 30 min and 1 h (33-and 80-fold change, respectively) compared to same culture grown at 37°C (Fig.  2 B) . It is noteworthy that although the expression of rv0990c was transient, the expression of dnaK and grpE (key members of the heat shock regulon) were upregulated after short exposure to high temperature and remained high even after 24 h (see the supplemental material), suggesting a specific role for rv0990c during heat shock response. Accordingly, we renamed rv0990c as heat shock protein 22.5 (hsp22.5) to reflect its estimated molecular mass.
In our earlier report (32) , transcripts for hsp22.5 were higher in murine lungs at 145 days postinfection than at 20 days To better analyze conditions that trigger the activation of hsp22.5, we examined the expression of hsp22.5 on both cellular and organ levels. Transcripts for hsp22.5 were slightly more abundant upon infection of THP-1 macrophages (2.5-fold changes) than in in vitro culture (Fig. 2C) . In earlier reports, the hsp22.5 transcripts did not change significantly inside human peripheral blood mononuclear cells (PBMCs) or in THP-1 macrophages after 7 days and 24 h of infection, respectively (9, 14) . Interestingly, in our hands the modest activation observed reached much higher levels (77-and 92-fold) in murine lungs at 145 and 220 days postinfection (compared to in vitro cultures), respectively, suggesting a role for hsp22.5 during the chronic stage of tuberculosis (Fig. 2C) . Overall, transcriptional analysis showed that hsp22.5 is selectively upregulated during murine infection and heat shock but to a lesser extent in other stress conditions (e.g., oxidative and alkaline stress). However, such a profile suggests the involvement of hsp22.5 in mycobacterial persistence. Deletion of hsp22.5 from the genome of M. tuberculosis. The hsp22.5 coding sequence was replaced by a hygromycin cassette using a protocol for homologous recombination (4). The genotype of the obtained mutants (⌬hsp22.5) was verified by PCR and Southern blot technique (Fig. 3) . Briefly, two specific probes were used in Southern blot verification of the genotype of the mutant. One probe was hygromycin specific, and the other was from the missing coding sequence of hsp22.5. Both probes gave the expected hybridization patterns. The RT-PCR analysis of the H37Rv and ⌬hsp22.5 mutant cultures (OD 600 of 1.5) revealed the transcription of the up-and downstream genes of hsp22.5, excluding the possibility of a polar effect of the hsp22.5 deletion. One of the mutants was used for subsequent complementation analysis using integrative vector pMV361. The expression of hsp22.5 was verified in the complementation strain (the ⌬hsp22.5::hsp22.5 strain) by qRT-PCR (data not shown). Additionally, we examined the survival of the ⌬hsp22.5 mutant in Middlebrook 7H9 broth, after exposure to heat shock or following infection of naïve and activated J774A.1 cells. In all of these cases, there were no significant differences between the mutant and the wild-type isogenic parent strain, suggesting a limited role for hsp22.5 in survival under in vitro conditions and inside macrophages. The obtained CFU counts following J774A.1 infection are provided in the supplemental material.
⌬hsp22.5 mutant is attenuated during chronic tuberculosis. In order to examine the contribution of hsp22.5 to M. tuberculosis pathogenesis, we infected groups of guinea pigs with comparable doses of H37Rv or the ⌬hsp22.5 or ⌬hsp22.5::hsp22.5 strains. During the first 21 days after infection, the H37Rv and ⌬hsp22.5::hsp22.5 strains showed typical exponential growth, reaching a peak lung burden of 10 6 CFU/lung for each strain. On the other hand, the ⌬hsp22.5 mutant showed a mild initial growth defect relative to the wild type (Ͻ1 log difference) (see the supplemental material). At day 42 after infection, following the onset of adaptive immunity in guinea pigs, the lungs of animals infected with the ⌬hsp22.5 mutant harbored fewer bacilli than those infected with H37Rv (4.80E ϩ 05 and 1.08E ϩ 06 CFU/lungs) for each group, respectively. However, this difference was not statistically different (P ϭ 0.08). Moreover, gross examination of lungs infected with all strains at day 42 after infection revealed discrete tubercle lesions distributed throughout the lung surface for guinea pigs infected with the 3 strains (data not shown). Histological examination of day 42 lung samples showed no significant difference in inflammation between groups. Since the chronic phase of tuberculosis in guinea pigs is not completely characterized, we opted to test the impact of hsp22.5 on this phase using the standard murine model of tuberculosis. Aerosol-challenged BALB/c mice with comparable doses of the H37Rv, ⌬hsp22.5, or ⌬hsp22.5::hsp22.5 strains showed a pattern of growth during the active phase of tuberculosis, similar to the one obtained with guinea pigs. However, after 8 weeks postinfection, the bacterial load of the mutant strain (the ⌬hsp22.5 mutant) continued to decline in number until the end of the experiment at 38 weeks, with a significant reduction in the colonization level (P Ͻ 0.02), unlike groups infected with H37Rv and complemented strains (Fig. 4A) . More analysis of the CFU count at the time of death confirmed the higher level of colonization in the H37Rv-infected group than in the ⌬hsp22.5 mutant-infected group (see the supplemental material). Interestingly, the survival curve of infected mice confirmed the ⌬hsp22.5 mutant attenuation, with a median survival time (MST) for ⌬hsp22.5 mutant-infected mice of 52 weeks compared to an MST of 28 and 40 weeks for the H37Rv-and hsp22.5-complemented strain-infected animals, respectively (Fig. 4B) . This intermediate survival curve for the complemented strain could be attributed to the expression level of hsp22.5 under the hsp65 constitutive promoter rather than its native promoter. Histopathology of mouse lungs (Fig.  4C ) displayed lower levels of granuloma formation (score ϭ 2), but similar levels of lymphocyte infiltration in the ⌬hsp22.5 mutant-infected mice compared to those infected with H37Rv and complemented strains (score 5) (see the supplemental material). Overall, both colonization and histopathology data suggested a role for hsp22.5 in M. tuberculosis virulence, especially at the chronic phase of tuberculosis. Since our model of guinea pig infection did not reach the chronic phase, the attenuation phenotype was observed only with mice.
Global transcriptional profile of ⌬hsp22.5. Earlier predictions of the function of hsp22.5 included the encoding of a transcriptional regulator based on bioinformatic sequence analysis (32) . However, electromobility shift assays failed to show the binding ability of Hsp22.5 to any of the 10 examined putative promoter fragments (data not shown), suggesting an indirect mechanism for regulating other genes if hsp22.5 would play any regulatory role. To examine this possibility, we used DNA microarrays to compare the mycobacterial transcriptional profiles in the presence and absence of hsp22.5 (1). Replicate microarray hybridizations (n ϭ 3) were performed from 2 biological samples with a high correlation level (R ϭ 0.8) among replicates. Using Bayesian statistics, we identified significantly regulated genes with a probability of differential expression (PDE) value of Ͼ0.9 and a ϾϮ2-fold change. Analysis of the transcriptional profiles of the mutant versus the H37Rv strain revealed a significant number of regulated genes (n ϭ 382 genes, representing more than 9% of the transcriptome). Among the identified transcriptome, only 67 genes were slightly induced in the ⌬rv0990c mutant, while the majority (n ‫؍‬ 315) were repressed. To verify the obtained transcriptomes, we performed qRT-PCR using the cDNA from the same RNA samples isolated from H37Rv, the ⌬hsp22.5 mutant, and the ⌬hsp22.5::hsp22.5 strain and used for DNA microarrays (see the supplemental material). Overall, there was an agreement between the changes in transcript levels between qRT-PCR and DNA microarrays for all repressed genes (n ϭ 9) in the ⌬hsp22.5 mutant (see the supplemental material).
However, transcripts of the induced genes (n ϭ 3) in the ⌬hsp22.5 mutant were not verified by qRT-PCR. With an overall 75% agreement between transcripts measured by DNA microarrays and qRT-PCR, we focused our subsequent analysis on the group of genes that were regulated in the absence of Hsp22. GrpE. Both genes encoding these proteins are among operons that are under the negative control of HspR (28) . Among the affected genes in the ⌬hsp22.5 mutant, 10 genes were among the heat shock regulon (28), 16 were transcriptional factors, and 18 were hypoxia genes (see the supplemental material). Additionally, the genes encoding DevR and DevS were also downregulated in the mutant and consequently so were most of the dosR-dependent genes, such as fdxA, hspX, and tgs1 (27) , a further validation of the used analysis protocol. As expected, transcripts of several of the dormancy regulon genes were restored to higher levels in the ⌬hsp22.5::hsp22.5 complemented strain, a further confirmation of the regulatory role of Hsp22.5 in mycobacterial dormancy.
Several essential genes involved in lipid metabolism (e.g., pks13, accD4, and fad32) (26) or ATP synthesis (e.g., atpE, atpF, atpH, and atpD) were among the downregulated genes. Genes involved in cell invasion, such as the mceI operon (2) and the esat6 and cfp10 (18) genes were also downregulated, suggesting a role for rv0990c in M. tuberculosis virulence. The whole-transcriptome levels are listed in the tables in the supplemental material, and only a partial list of essential genes is shown in Table 1 . Overall, the profiled transcriptome for the ⌬hsp22.5 mutant suggested the involvement of hsp22.5 in the transcription of a large number of genes, including those involved in M. tuberculosis survival and persistence. It is possible that the observed mutant phenotype is caused by the regulation of any combination of genes influenced by the presence of hsp22.5.
Proteomics analysis. The significant changes observed in the transcriptomes of the ⌬hsp22.5 mutant constituted a strong rationale to examine such changes on the proteomic level. Protein pellets from cell extracts of both the H37Rv and ⌬hsp22.5 strains were subjected to tryptic digestion followed by nanoLC-MS/MS. Recently a similar work used such a technique in which approximately 2,000 proteins were identified and only 3 proteins were found to be differentially expressed between H37Rv and the ⌬clgR (a mycobacterial regulator) mutant (13) . Approximately 1,853 proteins (46% of total proteome) were identified in two biological samples of each strain (see the supplemental material). Among this list of genes, we were able to identify the downregulation of 15 proteins in agreement with the microarray data, including the dnaK and grpE proteins (Table 2 ). Other identified proteins include the 85C antigen, a member of 85 complex antigens that is involved in cell wall biosynthesis, mycobacterial pathogenesis, and immune system modulation (7). On the other hand, proteomic comparison revealed some proteins with differential expressions that are inconsistent with the transcriptional profiles identified previously (e.g., HspX, ESAT6, and Mas [mycocerosic acid synthase]) (3). Such observations could be attributed to the regulation of those genes on the translational rather than the transcriptional level in addition to the sensitivity of the used proteomic approach. Previously, disparity between mRNA and protein levels for the hspX gene, a prominent member of the dosR regulon, was noticeable (17) , suggesting regulation on the translational level. A similar scenario could be proposed here. Moreover, some of the proteins undetectable by LC could be attributed to their low levels of expression which were masked by the presence of other proteins (e.g., the Ag85 complex) with much higher levels of expression. Additional analysis of the transcriptome and proteome of intracellular bacilli of the ⌬hsp22.5 mutant is warranted to further characterize genes participating in general stress responses during chronic tuberculosis.
Conclusion. The role of heat shock response genes in mycobacterial survival is not completely elucidated, despite evidence of its wide impact on the survival of other bacterial pathogens (21) . In this work we examined the involvement of a novel heat shock protein that we named hsp22.5 in mycobacterial persistence in BALB/c mice, despite the precise function and role of hsp22.5 remaining largely unknown. Testing of the virulence of the hsp22.5 mutant in guinea pigs using a small aerosol dose will further improve our understanding of the role of this gene in chronic tuberculosis. Both microarrays and proteomic analyses indicated a potential role for the hsp22.5 gene in the regulation of a large number of genes and operons involved in important pathways for M. tuberculosis pathogenesis. The particular role of hsp22.5 in mycobacterial virulence is probably attributed to the long list of downregulated genes which need to be studied in more detail (indirect role). However, proteomic analysis indicated the possible participation of hsp22.5 with other chaperone-encoding genes such as dnaK and grpE in the repression of a large number of genes. Recently, GroEL and to a lesser extent DnaK were found to bind to CD43, a large sialylated glycoprotein found on the surface of hematopoietic cells, that was shown to be necessary for efficient macrophage binding and immunological responsiveness to M. tuberculosis (16) . Similarly, we suggest the interaction of Hsp22.5 with other heat shock proteins in establishing mycobacterial infections. Attempts to understand the mechanisms involving hsp22.5 in mycobacterial survival under stress are in progress and could strengthen our understanding of the role played by this gene in M. tuberculosis virulence during chronic infection. 
